Role of thylakoid protein kinases in photosynthetic acclimation  by Rochaix, Jean-David
FEBS Letters 581 (2007) 2768–2775Minireview
Role of thylakoid protein kinases in photosynthetic acclimation
Jean-David Rochaix*
Departments of Molecular Biology and Plant Biology, University of Geneva, 30, Quai Ernest Ansermet, 1211 Geneva, Switzerland
Received 28 March 2007; revised 16 April 2007; accepted 18 April 2007
Available online 25 April 2007
Edited by Horst FeldmannAbstract Photosynthetic organisms are able to adjust to
changes in light quality through state transition, a process which
leads to a balancing of the light excitation energy between the
antennae systems of photosystem II and photosystem I. A genet-
ic approach has been used in Chlamydomonas with the aim of
elucidating the signaling chain involved in state transitions. This
has led to the identiﬁcation of a small family of Ser–Thr protein
kinases associated with the thylakoid membrane and conserved
in algae and land plants. These kinases appear to be involved
both in short and long term adaptations to changes in the light
environment.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The primary reactions of photosynthesis in algae and plants
occur in the chloroplast thylakoid membranes and are cata-
lyzed by the multi protein-pigment complexes photosystem II
(PSII), the cytochrome b6f complex and photosystem I (PSI)
(Fig. 1). Light excitation energy is collected by the antennae
of PSII and PSI and channeled to their reaction centers. At
the level of PSII this leads to the photooxidation of the P680
chlorophyll dimer and the subsequent splitting of water with
the release of molecular oxygen, protons and electrons which
are fed into the photosynthetic electron transport chain
through PSII, the plastoquinone pool, the cytochrome b6f
complex, plastocyanin and, ultimately, these electrons are used
to re-reduce the photooxidized PSI reaction center which acts
as a light-driven plastocyanin–ferredoxin oxido-reductase.
In order to survive and grow optimally, photosynthetic
organisms need to adapt constantly to changing light condi-
tions. Both short term and long term adaptations occur. Short
term adaptations take place in the second to minute range and
include feedback de-excitation, a process which occurs when
the incident light energy exceeds the capacity of the photosyn-Abbreviations: PSII, photosystem II; PSI, photosystem I; LHC, light-
harvesting complex; PQ, plastoquinone; PQH2, plastoquinol; DCMU,
3-(3,4-dichlorophenyl)1,1-dimethylurea
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doi:10.1016/j.febslet.2007.04.038thetic machinery. The excess energy is released as heat through
changes in the thylakoid membrane which involve the PsbS
protein and activation of the xanthophyll cycle (reviewed in
[1]). Under changing low light conditions photosynthetic
organisms optimize their photosynthetic yield through a pro-
cess called state transition which leads to balancing of the light
excitation energy between PSII and PSI whenever one of the
two photosystems is preferentially sensitized by the incident
light. This response also includes reversible phosphorylation
of thylakoid membrane proteins. In contrast, long term adap-
tations occur over several hours or days and involve changes in
the stoichiometry of the photosystems and in the amounts of
their antennae [2].
Considerable progress has been achieved in recent years in
elucidating some of the molecular mechanisms which underlie
the dynamics of these acclimation processes through the com-
bined use of physiological, molecular genetic, biochemical and
biophysical approaches. Here I review recent advances in
understanding state transitions with a comparative analysis be-
tween Chlamydomonas reinhardtii and the land plant Arabidop-
sis thaliana. Comparison of this acclimation process in a green
motile unicellular alga and a sessile land plant has provided
interesting insights into evolutionary aspects of this response.
Several excellent earlier reviews have appeared on state transi-
tions [3,4].2. The process of state transition
PSII and PSI operate in series within the photosynthetic
electron transport chain. Their antenna systems preferentially
absorb 650 and 700 nm light, respectively. Because of these dif-
ferences in light absorption properties, changes in light condi-
tions can lead to unequal excitation of the two photosystems
and thus to a decreased photosynthetic yield. Plants and algae
are able to balance the absorbed light energy between the two
photosystems through state transitions, a process which was
discovered nearly 40 years ago [5,6]. When PSII is overstimu-
lated relative to PSI, the redox state of the PQ pool is changed
to a more reduced state. These conditions favor docking of
plastoquinol (PQH2) to the Qo site of the cytochrome b6f com-
plex, which leads to the activation of a thylakoid protein
kinase which phosphorylates the LHCII complex [7,8]. A frac-
tion of this complex, the mobile part of LHCII, moves subse-
quently from PSII to PSI thus balancing the light excitation
energy between the two photosystems. This state in which
the mobile part of LHCII is associated with PSI is called state
2 (Fig. 1). When plants or algae are illuminated by light that isblished by Elsevier B.V. All rights reserved.
Fig. 1. Scheme of photosynthetic complexes in the thylakoid membrane and state transitions. State transitions are determined to a large extent by the
redox state of the PQ pool. Preferential excitation of PSI leads to the oxidation of the PQ pool and to state 1. In state 1 the mobile light-harvesting
antenna is bound to PSII and the photosynthetic electron transport chain acts mostly in a linear mode generating NADPH and ATP. Preferential
excitation of PSII relative to PSI leads to a reduced state of the plastoquinone pool and thus to the docking of plastoquinol to the Qo site of the
cytochrome b6f complex. This activates the LHCII kinase and leads to the displacement of phosphorylated LHCII from PSII to PSI (state 2). In state
2 in C. reinhardtii, PSII is disconnected from the rest of the electron transport chain which acts mostly in a cyclic mode. State 2 can also be induced in
the dark through the chloro-respiratory electron transport chain under anaerobic conditions which prevent the oxidation of the plastoquinone pool
or in response to reduced levels of ATP. Electron transfer chains are represented as dotted lines. P680, PSII reaction center chlorophyll dimer, QA,
QB, primary and secondary electron acceptors of PSII.; P700, PSI reaction center chlorophyll dimer, FX, FA, FB, 4Fe–4S centers acting as electron
acceptors within PSI; PQ, plastoquinone pool; PC, plastocyanin; Fd, ferredoxin.
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This leads to the inactivation of the LHCII kinase, the dephos-
phorylation of the LHCII associated with PSI through some
unknown phosphatase and the return of LHCII to PSII. This
state is called state 1 (reviewed in [3,4]).
Thylakoid membranes consist of stromal lamellae and ap-
pressed membranes which constitute the grana. It is notewor-
thy that PSII is localized within the grana regions whereas PSI
is mostly associated with the stromal lamellae [9]. Thus state
transitions could involve a redistribution of the light-harvest-
ing antennae over several hundreds of nanometers on the thy-
lakoid membranes. However, an alternative view places
functional PSI near the grana ends close to PSII making long
range diﬀusion of LHCII unnecessary [10,11].
In C. reinhardtii state transitions are not only involved in the
rebalancing of the excitation energy between the photosystems
following changes in light conditions. The major role of state
transitions appears to be the restoration of ATP levels when
the intracellular level of ATP is low [12]. This induces transi-
tion to state 2. Interestingly transition from states 1 to 2 in-
volves a reorganization of the photosynthetic electron
transport chain in this alga. PSII is largely disconnected from
the electron transport chain which switches into a cyclic mode
[13]. Thus state 1 is associated with linear electron transportand acts as generator of reducing power and ATP whereas
state 2 is associated with a cyclic mode which produces exclu-
sively ATP. A role in ATP adjustment may explain why as
much as 80% of LHCII is mobile during state transitions in
C. reinhardtii whereas the corresponding number is only 15–
20% in land plants [14].3. Mobility of LHCII during state transitions
During a states 1–2 transition, a thylakoid protein kinase
phosphorylates LHCII. This complex includes LHCII proteins
which are encoded in C. reinhardtii by a small gene family con-
sisting of nine members with high sequence similarity [15,16].
Each of these proteins binds eight chlorophyll a, six chloro-
phyll b and several carotenoid and xanthophyll molecules.
The determination of the structure of LHCII has revealed that
the protein contains three trans-membrane helices and a short
amphipathic helix exposed to the lumenal side of the thylakoid
membrane [17,18]. The major LHCII proteins form trimers.
Moreover in land plants three monomeric LHCII proteins
CP29, CP26 and CP24 encoded by the Lhcb4, Lhcb5
and Lhcb6 genes, respectively, provide a connection
between the LHCII trimers and the reaction center of PSII.
Fig. 2. Displacement of mobile LHCII from PSII to PSI during a
transition from states 1 to 2 in C. reinhardtii. The monomeric LHCII
proteins CP26 (26), CP29 (29) and Lhcbm5 (L) act as connectors
between the PSII core dimer and the trimeric LHCII [24]. It is likely
that phosphorylation of the monomeric LHCII proteins plays a key
role in inducing transition from states 1 to 2. Several phosphorylation
sites are located at the interface between the PSII core and LHCII.
Phosphorylation sites are indicated by dots. Docking of LHCII occurs
on the PsaH side of PSI whereas the LHCI belt is on the other side of
PSI [21,22].
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of CP24 [15].
Several thylakoid membrane proteins from the PSII complex
and LHCII undergo light- and redox-dependent phosphoryla-
tion [19,20]. However because of the numerous LHCII pro-
teins with similar sizes and sequences, it has been diﬃcult to
determine unambiguously which of the LHCII proteins are
phosphorylated and which residues within these proteins are
phosphorylated. Although several thylakoid phosphoproteins
were identiﬁed by classical means including 32P-phosphate
labeling, immunoblotting with anti-P-Thr antibodies, and by
observing shifts in electrophoretic mobility, mass-spectrometry
has provided a more comprehensive picture of thylakoid pro-
tein phosphorylation [21]. A powerful method consists in treat-
ing isolated thylakoid membranes with trypsin to release the
N-terminal phosphorylated regions of the LHCII proteins
which are exposed to the stroma. These are enriched by metal
aﬃnity chromatography and subjected to matrix-assisted laser
desorption/ionization and electrospray ionization mass-spec-
trometry. Analysis of thylakoid membranes from C. reinhardtii
cells in states 1 and 2 or exposed to high light identiﬁed a total
of 19 in vivo phosphorylation sites corresponding to 15 poly-
peptides [21]. Besides revealing phosphorylation of the PSII
core proteins D1 and CP43 at their N-terminal Thr, this study
also showed that the LHCII proteins Lhcbm4, Lhcbm6,
Lhcbm9 and Lhcbm11 are all phosphorylated at Thr3. A par-
ticularly interesting ﬁnding is that CP29 undergoes sequential
multiple phosphorylations. Two sites are phosphorylated
under state 1 conditions, two additional sites are phosphory-
lated under state 2 conditions and three additional sites are
phosphorylated under high light. The principal changes in
phosphorylation which occur during state transitions are clus-
tered at the interface between the PSII core and the associated
light-harvesting antenna proteins which include LHCII, CP26
and CP29. In this respect the diﬀerential phosphoryl- ation of
CP29 appears to play a key role in state transitions, at least in
C. reinhardtii (Fig. 2).
Upon transition from states 1 to 2, the mobile LHCII is dis-
placed from PSII in the grana to PSI in the stromal lamellae. A
fraction of the cytochrome b6f complexes also migrates from
the grana to the stromal lamellae under these conditions [22].
While the evidence for this process was mostly based on spec-
troscopic data and immuno-electron microscopy, it is only re-
cently that biochemical evidence for an association of LHCII
polypeptides to PSI in state 2 was provided through the isola-
tion of a PSI–LHCI complex from Arabidopsis plants [23].
Crosslinking studies revealed that the docking site of LHCII
is formed by the PsaH, PsaI and PsaO subunits of PSI. These
results agree with the ﬁnding that Arabidopsis lines in which
PsaH expression has been suppressed are deﬁcient in state
transitions [24]. According to the recently determined 4.4 A
crystal structure of the PSI–LHCI complex from land plants,
PsaH is located in an exposed hydrophobic region of PSI
and PsaH binds a chlorophyll molecule which could mediate
energy transfer from LHCII to the PSI core [25]. Additional
support for an association of LHCII with PSI is provided by
recent studies with C. reinhardtii [26,27]. A PSI–LHCI super-
complex was isolated from cells in state 2 which is distinctly
larger than the corresponding complex from cells in state 1.
In addition to the LHCI polypeptides this supercomplex from
cells in state 2 contains the three LHCII proteins CP29, CP26
and Lhcbm5 [26,27]. Lhcbm5 is a LHCII type II protein whichaccumulates to similar levels than CP29 and CP26 but at a
much lower level than the other major LHCII proteins [27].
Both CP29 and Lhcbm5 are phosphorylated when they are
associated with PSI. Thus Lhcbm5 could occupy a similar po-
sition as CP24 in land plants and together with CP29 and
CP26 it would act as a linker between the PSII core dimer
and the trimeric LHCII in state 1 whereas in state 2 these three
proteins would migrate to PSI on the PsaH side and allow for
the docking of LHCII trimers to the PSI complex. Interestingly
according to the PSI–LHCI crystal structure, four Lhca sub-
units form a light-harvesting belt on the opposite side of PsaH
[25] (Fig. 2). Thus CP29, CP26 and Lhcbm5 which were
thought to belong exclusively to the PSII complex appear to
shuttle between PSII and PSI during state transitions and pro-
vide docking sites for the trimeric LHCII proteins [27]. The
quadruple phosphorylation of CP29 in state 2 could lead to
the dissociation of CP29-LHCII from PSII to PSI whereas
under high light the phosphorylation of three additional resi-
dues of CP29 could induce the dissociation of LHCII from
the photosystems and allow for thermal energy dissipation
within the LHCII trimers [28,29]. It therefore appears that
state transitions in Chlamydomonas are regulated by reversible
protein phosphorylations at the interface between the PSII
core and LHCII including in particular the phosphorylation
of the linker protein CP29 and probably also Lhcbm5.
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Although these mutants are able to phosphorylate LHCII un-
der state 2 conditions, LHCII remains functionally connected
to PSII [14]. Similarly, Arabidopsis lines lacking PsaH are also
blocked in state 1 [24]. They still phosphorylate LHCII under
state 2 conditions and LHCII remains connected to PSII.
These results indicate that the association of the phosphory-
lated LHCII with PSI and PSII is a competitive process which
is determined by the relative binding aﬃnities of phosphory-
lated LHCII to the two photosystems [4].4. An elusive LHCII kinase
With numerous thylakoid proteins phosphorylated under
diﬀerent environmental conditions, the question arises how
many diﬀerent kinases are involved. Following the discovery
of LHCII kinase activity in 1977 by Bennett [19], a long and
intensive biochemical search for this kinase was undertaken.
Although several thylakoid protein kinase activities could be
identiﬁed, attempts to purify the LHCII kinase by biochemical
means were unsuccessful [30,31]. Therefore, new approaches
were chosen. Because the N-terminal region of the light-har-
vesting proteins contains the residues that are phosphorylated
during states 1–2 transition, Kohorn and colleagues screened
for proteins that interact with this region [32]. In this way they
identiﬁed a small family of three kinases, called TAK kinases
(thylakoid associated kinases) on the thylakoid membranes
of Arabidopsis. The TAK kinases contain a repeated Gly–
Ser motif which is also present in human transforming growth
factor b1 receptor. Although they phosphorylate LHCII
in vitro it is diﬃcult to assess their speciﬁcity. Analysis of
TAK antisense lines with decreased levels of TAK revealed in-
creased sensitivity to high light, a decrease in LHCII phos-
phorylation and a partial deﬁciency in state transitions [33].
It is not yet clear whether TAK kinases are unique to land
plants or whether they are also present in algae, and their exact
role has not yet been elucidated.
Because of the failure to identify the LHCII kinase through
biochemical means, a genetic approach was initiated in C. rein-
hardtii with the ultimate aim of identifying not only the LHCII
kinase, but also other factors of the signal transduction chain
of state transitions [34,35]. C. reinhardtii is ideally suited for
this type of screen because large ﬂuorescence changes occur
during a transition from states 1 to 2. This is due to the fact
that most of the LHCII antenna is displaced from PSII to
PSI during this process and because the room temperature
ﬂuorescence arises mostly from the PSII antenna. The diﬀer-
ence in ﬂuorescence between states 1 and 2 can be measured
with a ﬂuorescence video imaging system and used for screen-
ing mutants deﬁcient in state transitions. States 1 and 2 can be
induced by illuminating cells with light preferentially absorbed
by PSI and PSII, respectively, although it is not possible to ob-
tain cells that are entirely in state 1 or state 2 because of the
partial overlap of the absorption spectra of the PSII and PSI
antennae. Alternatively state 1 can be achieved by fully oxidiz-
ing the PQ pool in the presence of 3-(3,4-dichlorophenyl)1,1-
dimethylurea (DCMU) which blocks electron exit from PSII.
State 2 can be obtained by taking advantage of the chlorore-
spiratory chain (Fig. 1) [36]. In the dark and under anaerobic
conditions, this chain feeds electrons from the stroma into thePQ pool which becomes fully reduced and activates the LHCII
kinase. Several mutants of C. reinhardtii deﬁcient in state tran-
sitions were isolated using these screens through insertional
mutagenesis by transforming a wild-type strain with a plasmid
containing an appropriate selectable marker.
One of the ﬁrst characterized mutants was stt7. This mutant
is blocked in state 1 and fails to phosphorylate LHCII proteins
under state 2 conditions [37]. Immunogold-labeling of sections
of stt7 cells with LHCII antisera revealed that the redistribu-
tion of LHCII and also of the cytochrome b6f complex from
the grana to the stroma regions of the thylakoids is strongly
impaired during a transition from states 1 to 2. The nuclear
gene aﬀected by the stt7 mutations encodes a thylakoid-associ-
ated Ser–Thr protein kinase. Although this kinase is clearly re-
quired for LHCII phosphorylation, it is not yet known
whether it acts in a kinase cascade or whether LHCII is its di-
rect substrate. Because of the presence of a potential trans-
membrane domain in Stt7, one possible orientation is that
the N-terminal end of Stt7 is in the thylakoid lumen and its
catalytic kinase domain is on the stromal side where the phos-
phorylated residues of LHCII are located (Fig. 3). However it
is also possible that the Stt7 kinase is present entirely on the
stromal side of the thylakoid membrane. The large kinase do-
main may prevent the kinase from entering between the
stacked membranes in the grana region which are separated
by only 2 nm [38]. This raises the question whether LHCII
phosphorylation occurs on the PSII–LHCII supercomplexes
in the grana regions, at the grana–stroma boundaries or on
the grana end membranes. There is less thylakoid membrane
stacking in Chlamydomonas than in land plants and thus
one would expect a greater accessibility of LHCII for the
kinase. This may explain the larger proportion of mobile
LHCII in Chlamydomonas as compared to land plants.
C. reinhardtii contains another protein kinase related to Stt7
called Stl1 which also appears to be targeted to the chloroplast
based on the presence of an N-terminal chloroplast prese-
quence. However, the function of this kinase is not yet known.
These two proteins have orthologs in A. thaliana called STN7
and STN8, respectively (Fig. 3) [37]. The Stt7 kinase is also
conserved in other plants such as rice and in marine algae. Be-
cause of the availability of Arabidopsis T-DNA insertion lines
with disruptions in the STN7 or STN8 genes, it was possible to
elucidate the function of these proteins. In this way it was
shown that STN7 is required for state transitions and for the
phosphorylation of several LHCII proteins under state2 condi-
tions [39]. In contrast the phosphorylation of other major thy-
lakoid proteins CP43, D1 and D2 still occurs in the stn7
mutant thus indicating the speciﬁcity of the STN7 protein ki-
nase. Furthermore, site directed mutagenesis of a Lys residue
essential for the kinase activity blocks transition from states
1 to 2 indicating that the catalytic activity of Stt7/STN7 is
indeed necessary for state transitions [39]. This had been
assumed but never proven before. Thus Stt7 and STN7 are
not only structurally but also functionally related.
The target sites on the LHCII proteins and thus the catalytic
domain of the LHCII kinase are on the stromal side of the thy-
lakoid membrane whereas the Qo site of the cytochrome b6f
complex, which is critical for the activation of the kinase, is
on the lumen side. Hence the signal for kinase activation needs
to be transduced across the membrane. The 3D crystal struc-
ture of the mitochondrial bc1 complex revealed that the posi-
tion of the Rieske protein, an important subunit of the
AB
Fig. 3. Model for STN7 in the thylakoid membrane. A. The Stt7 kinase is represented with a trans-membrane domain with two Cys residues essential
for kinase activity shown as rods exposed to the lumen. Redox control through the ferredoxin–thioredoxin system would have to be mediated
through the membrane. However, it is also possible that the kinase is entirely localized on the stromal side of the membrane. Activation of the kinase
upon binding of plastoquinol to the Qo site could be mediated through conformational changes in the cytochrome b6f complex. Fd, ferredoxin, FTR,
ferredoxin–thioredoxin reductase, TR, thioredoxin. B. Phylogeny of the Stt7/STN7 and Stl1/STN8 protein kinases.
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unoccupied to its proximal position when the Qo site is occu-
pied by stigmatellin, a Qo site inhibitor [40]. This movement
appears to be required for transferring electrons from the
membrane soluble quinol (proximal site) to the extra-mem-
brane heme of cytochrome cI (distal site). A similar movement
of the Rieske protein has also been observed for the chloro-
plast cytochrome b6f complex [41]. Besides the Rieske protein
another candidate in this signal transduction could be subunit
V, called PetO, from the cytochrome b6f complex of C. rein-
hardtii. Amongst all the subunits of this complex, it is the only
one to undergo reversible phosphorylation during state transi-
tions [42]. One possibility is that the lumenal domain of PetO
senses the structural changes of the Rieske protein and trans-
mits them through its trans-membrane region to its stromal
domain which could interact with the STN7 kinase.
By binding tightly to the Qo site, stigmatellin locks the
Rieske protein in its proximal position, and prevents transition
from states 1 to 2 and LHCII phosphorylation. However, PetO
is still phosphorylated in the presence of stigmatellin [43]. In
contrast PQH2 is released rapidly from the Qo site and allows
the Rieske protein to move back to its distal position. A two
step process for the activation of the LHCII kinase has been
proposed [43]. Upon binding of PQH2 to Qo, the Rieske pro-
tein would move from the distal to the proximal position there-
by inducing a conformational change of the cytochrome b6f
complex which would activate the kinase. This event could
be marked by the phosphorylation of the PetO subunit. Inthe second step the return of the Rieske protein to its distal po-
sition would release the activated kinase from the cytochrome
b6f complex and allow it to interact with LHCII. This move-
ment could be triggered by the turnover of PQH2 at the Qo site
but not by stigmatellin which blocks the Rieske protein in its
proximal position. Such a dynamic model is compatible with
the low abundance of the LHCII kinase compared to that of
the cytochrome b6f complex [44]. The active kinase would need
to phosphorylate several PetO and LHCII substrates before it
returns to its inactive state.
Another interesting feature of Stt7 and STN7 is the presence
of two conserved Cys residues near the N-terminal end. A re-
dox control of the LHCII kinase mediated through the ferre-
doxin/thioredoxin system has been postulated based on the
ﬁndings that at high light intensities the kinase is inactivated
[45]. These two Cys might be the targets of thioredoxin. If
the Stt7/STN7 kinase contains a trans-membrane domain as
predicted by one of the models (see above), one would have
to postulate thylakoid trans-membrane redox signaling. There
is a precedent for this type of signaling across the thylakoid
membrane [46]. Site-directed mutagenesis of either of the con-
served Cys residues in both Stt7 and STN7 leads to the loss of
state transitions and LHCII phosphorylation indicating that
these residues play an important role for the activation of
the kinase (A. Willig, S. Lemeille and J.D. Rochaix, unpub-
lished results). Although it is clear that the Stt7/STN7 kinase
is required for LHCII phosphorylation and for state transi-
tions, it remains to be seen whether LHCII is the direct sub-
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tional kinase acting downstream of Stt7/STN7 cannot be ex-
cluded. Modiﬁcation of the ATP binding sites of this kinase
to allow it to accept bulky ATP analogs might be one way
to test whether LHCII is the direct target of Stt7/STN7. This
approach developed by Shokat has been successful in several
cases [47].
The availability of Arabidopsis lines deﬁcient in stt7 and
state transitions has made it possible to assess the role and
importance of state transitions. Mutant plants grown under
standard laboratory conditions are undistinguishable from
wild-type plants. However, when plants were grown under
changing light conditions with alternating 1 h light phases
favoring PSI or PSII, the growth of stn7 plants was signiﬁ-
cantly impaired compared to wild-type plants [39]. These
plants were also tested under ﬁeld conditions using an assay
for plant ﬁtness based on seed production [48]. Seed produc-
tion of Arabidopsis wild-type and mutant plants impaired in
the regulation of the photosynthetic light reactions grown un-
der natural conditions in the ﬁeld was compared [49]. Seed sets
of plants deﬁcient in state transitions (stn7) were 19% smaller
than those of wild-type plants whereas plants missing the
STN8 kinase, required for the phosphorylation of the core
PSII reaction centre polypeptides (stn8), had a normal seed
production. Plants lacking both the STN7 and STN8 kinases
were strongly aﬀected, indicating that these mutations act syn-
ergistically. Mutant plants (npq4) lacking feedback de-excita-
tion because of the loss of PsbS [50] were severely aﬀected in
seed production. The same seed set was found in npq4;stn7
double mutants. Based on these eﬀects on plant ﬁtness there
appears to be a hierarchy in the importance of photosyntheticFig. 4. Model for the multiple roles of the STN7 and STN8 protein kinases in
of genes involved in photosynthesis [34,36,49–51]. The corresponding signali
LHCII and PSII phosphorylation, respectively (red arrows). The TAK kinase
immunoprecipitations. The genetic interaction between STN7 and STN8 is racclimation responses with, in decreasing order, feedback de-
excitation, state transitions and phosphorylation of the PSII
core proteins.5. Additional roles of the Stt7/STN7 kinase
Besides inducing short term acclimation processes such as
state transitions, changes in light conditions are known to lead
to changes in the amounts of the antenna proteins of PSII and
PSI and to a readjustment of photosystem stoichiometry in the
long term [2]. This process is achieved through a signaling net-
work involving coordinate gene expression in the nucleus and
chloroplast (reviewed in [51]). The question arises whether the
Stt7/STN7 kinase might also be involved in long term adapta-
tion. When wild-type plants are illuminated for several days by
light preferentially absorbed by PSI relative to PSII, the exci-
tation pressure of PSII, as measured by the chlorophyll ﬂuo-
rescence parameter FS/FM, increases as a result of its
increased antenna size and the chl a/b ratio decreases because
the PSII antenna is enriched in chl b. The opposite occurs
when the plants are illuminated with PSI light. This long term
acclimation still occurs in the stn8 mutant but not in the stn7
mutant [52]. Under all light conditions tested the response of
stn7 is typical of plants acclimated to PSI light. In contrast
to Arabidopsis we could not detect any long term acclimation
response in wild-type Chlamydomonas cells subjected to a sim-
ilar light regime (C. Delessert and J.D. Rochaix, unpublished
results). These results raise the possibility that STN7 may also
be involved in a signaling pathway that couples changes in
photosynthetic performance in the short term to changes inshort term and long term acclimation and in the control of expression
ng chains are still largely unknown. STN7 and STN8 are required for
is also shown [29,30]. Double arrows indicate interactions based on co-
epresented by a dotted line [49].
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ever, analysis of transcription patterns by microarrays did not
reveal signiﬁcant diﬀerences between wild type and the stn7
mutant [52,53]. In contrast stn8 mutant plants were strongly
aﬀected in the expression of numerous nuclear genes involved
in photosynthesis. Interestingly the eﬀect of the lack of STN8
was masked in the stn7–stn8 double mutant in which wild-type
expression patterns were restored thus indicating a genetic
interaction between STN7 and STN8 [52]. At this time it is
not clear how these two kinases interact with each other in
the signaling network of nuclear and chloroplast gene expres-
sion.
Loss of STN7 does not appreciably aﬀect the levels of tran-
scripts of photosynthetic genes relative to the wild type upon
long term low light acclimation. However changes in thylakoid
protein content occur, notably a decrease in Lhcb1 and an
increase in Lhca1 and Lhca2 as well in other chloroplast pro-
teins of stn7 [53]. Moreover, increases in light intensity for
short periods during growth under low light conditions led
to a higher increase in the expression of stress responsive genes
in stn7 than in the wild type. It has therefore been proposed
that STN7 and state transitions are part of a buﬀering system
which allows the organism to avoid over-reduction of the elec-
tron acceptors of PSI which would otherwise generate reactive
oxygen species and induce the expression of stress response
genes, in particular the induction of heat shock protein genes
[53]. A challenge for the future will be to identify other compo-
nents of the signaling network underlying short and long term
light acclimation processes to changing light conditions and to
determine how they act mechanistically. In particular the inter-
actions between Stt7/STN7 and Stl1/STN8 kinases and their
targets remain to be elucidated (Fig. 4).
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